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Objective: The aim of this study was to evaluate the microleakage, margin gap, and 
microtensile bond strength of lithium disilicate under different dentin conditions using four 
different resin-based cements. 
Materials and methods: Forty-four extracted posterior teeth were prepared to receive 
lithium disilicate crowns to evaluate microleakage and margin gap. Four cements 
(Variolink Esthetic, Multilink Automix, Panavia SA, and GC FujiCEM 2) were assigned 
to different dentin conditions (control, immediate dentin sealing [IDS], and delayed dentin 
sealing [DDS]). The control group received a final restoration immediately, while IDS 
received OptiBond FL bonding agent then was temporized, and DDS were temporized 
without any additions. IDS and DDS groups were temporized and stored for two weeks in 
37 °C to simulate clinical scenarios. All groups were then embedded in 50% ammoniacal 
silver nitrate for 24 h, then exposed to constant white LED light in a photo-developer 
solution for 8 h. All teeth were sectioned and evaluated using SEM. 
 
 viii 
For microtensile bond strength, thirty extracted posterior teeth and the same cements and 
dentin conditions were used. Dentin and e.max CAD blocks were sectioned into 1x1x6 
mm2 beams and cemented according to their respective groups. After storage at 37 °C for 
24 h, microtensile bond strength was analyzed, and failure mode was evaluated by SEM. 
Results: Analysis by one-way ANOVA and Tukey test revealed that the microleakage in 
the control groups was significantly lower than in the DDS group, except for Panavia SA 
(SAM). IDS groups were significantly lower than DDS groups except for Variolink 
Esthetic and Panavia SA (SAM). The margin gap for the different dentin conditions was 
not significant for each cement except IDS Variolink Esthetic group. Microtensile bond 
strength of the control and IDS groups was significantly higher than DDS groups except 
for Variolink Esthetic and Panavia SA with Clearfil Universal Bond Quick.  
Conclusion: Margin gap has no effect on microleakage. Control groups showed the lowest 
leakage and the highest microtensile bond strength except for the Panavia SA (SAM) IDS 
group. IDS produced bond strength as high as that observed in the control groups for all 
cement types but could not prevent microleakage as efficiently as in the control group with 
cement containing 10-MDP monomer. 
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Chapter 1: Introduction 
Ceramometal crowns have long been the most popular option for esthetic full-
coverage indirect restorations. With respect to mechanical properties or marginal fit, they 
were a proven restoration when compared to others such as full ceramics.1,2 However, they 
cannot transmit light due to their metal core, the metal margin may often be exposed or 
discolored, and corrosion may occur if a non-precious metal alloy is used.2–4 Furthermore, 
in recent years, patients have demanded more esthetic options. These factors have led to 
the increased development and use of metal-free restorations,5 and the invention of 
CAD/CAM systems has been instrumental in this process.6 Lithium disilicate glass-
ceramic was developed in 1988 (heat-pressed IPS Empress) and has since undergone many 
changes. CEREC CAD/CAM machines have improved, and restorative blocks have 
become easier to mill. In 2006, IPS e.max CAD (Ivoclar Vivadent Inc., Lichtenstein) was 
introduced and gained popularity due to its versatility, forming thin veneers, small inlays 
and onlays, crowns, and fixed partial dentures. Its esthetic properties and bondability when 
using resin cement make it an excellent material choice.7 
All indirect restorations need to be cemented in order to function. As luting agents, 
cements endure high stress in the mouth under normal masticatory function and 
parafunctional habits. Luting agents are expected to withstand these stresses in an 
unfavorable wet and warm oral environment. The luting agent must maintain its properties 
without changing while maintaining the function of masticatory force transference from 
the restoration to the tooth, especially around the most critical area, the margin. Numerous 






by either a displacement of the indirect restoration or a fracture of the tooth itself.8 The 
latter process is usually explained due to initial cement failure. The cement will then start 
to gradually break down, leading to microleakage and bacterial entry that will affect the 
integrity of the tooth structure and restoration.8 Non-retentive restorations including 
veneers, onlays, and over tapered or short clinical crowns do not rely on mechanical 
resistance and retention form, so a long-lasting, strong adhesive luting agent is critical for 
clinical success. The survival rate of ceramic veneers reportedly ranged from 82% to 96% 
between 10 and 21 years, and margin defects were the main reason for failure, occurring 
in up to 20% of cases.9  
 Although dentin bonding is known to be much weaker than enamel bonding, 
immediately bonding to freshly exposed dentin may help prevent bacterial leakage, dentin 
contamination, and may improve the bond strength. This technique is called Immediate 
dentin sealing (IDS). IDS was introduced in the 1990s to improve the bond strength of 
indirect restorations to dentin. The technique has been the subject of much research and 
substantially improved over time, yielding promising results in bond strength, gap 
formation, leakage of bacteria, and post-cementation sensitivity.10 IDS is achieved by 
applying a layer of bonding agents on top of freshly exposed dentin before the 
temporization phase, thereby maintaining the dentin bond strength of newly cut dentin until 






1.1 IPS e.max CAD brief background 
Glass-ceramics consist of a glass matrix containing mainly silica and quartz, 
surrounding a crystalline second phase, as in IPS e.max.11  
A lithium disilicate glass-ceramic, IPS e.max CAD was launched in 2006 to meet the 
growing demand for CAD/CAM (Li2Si2O5). The CAD material is a partially crystallized 
block of lithium metasilicate (Li2SiO3), allowing for faster milling and less abrasion of the 
milling burs. The partly crystallized material’s microstructure consists of 40% lithium 
metasilicate crystals ranging in size from 0.2 to 1.0 μm encased in a glass matrix (Figure 
1). When the material is heated to 850 °C for 20–25 mins in a vacuum, it will become fully 
crystallized with a microstructure of 70% lithium disilicate crystals approximately 5 μm in 
length and 0.5 μm in diameter embedded in the glass matrix (Figure 2). When fully 
crystallized, IPS e.max’s flexural strength ranges from approximately 360 to 400 MPa, a 
significant improvement for all-ceramic restorations. The use of IPS e.max CAD has 







Figure 1: SEM of IPS e.max CAD in the blue phase. 
 






1.2 Surface treatment of IPS e.max CAD 
Conventional non-adhesive cementation involves using a luting agent to occupy the 
space between the indirect restoration and the substrate and depends purely on micro-
mechanical retention. However, adhesive cementation usually includes the use of an agent 
to bond the indirect restoration to the substrate tooth structure, which includes a 
combination of chemical bonding and micro-mechanical interlocking.13 For ceramics such 
as e.max, the micro-mechanical interlocking is achieved by applying 5% hydrofluoric acid 
for 20 seconds (preconditioning). The effect of hydrofluoric acid on the e.max 
microstructure is seen in the partial dissolution of the glassy phase, exposing the lithium 
disilicate crystals. In addition to micro-mechanical retention, etching creates a higher 
surface area and surface energy which is important for improving the chemical bond to the 
ceramic using silane. Lithium disilicate is a silica-based glass-ceramic. A silane coupling 
agent is needed to achieve chemical bonding between the ceramic and resin cement. A 
chemical reaction occurs between the tri-alkoxy group of the methacrylic monomers in the 
silane with the hydroxyl groups on the inorganic surface of silica on the ceramic (Figure 
3). Silane also can bond to the methacrylate group found on the resin cement. Monobond 









Figure 3: Silane to ceramic chemical bond. 
 
 
1.3 Dental adhesive systems 
One of the most important functions of dental adhesives is to retain the resin 
composites or resin cements on the tooth structure. In addition, it should prevent any 
bacterial leakage and withstand masticatory forces without breaking its bond.16  
 
1.3.1 Resin Based Adhesive Systems Composition  
In order to understand how resin based dental adhesives work, we need to explain 






have components suitable for each of the bonding surfaces.16 Resin based dental adhesives 
usually include the following components. 
1) Resin monomers 
A monomer is a molecule that, by a process known as polymerization, may react 
with other monomer molecules to form a larger polymer chain or three-dimensional 
network; hence, the setting reaction of this types of dental adhesive is by 
polymerization. It is essentially the matrix of the dental adhesive that includes all 
other components. It also includes the most important part of the adhesive systems, 
which are cross-linker and functional monomers.  
a) Cross-linker monomers are the most abundant, and they usually possess 
multiple polymerizable groups that will form a cross-linked polymer when 
cured. Their primary functions are to provide strength to the adhesive and form 
a bond with the resin cement or resin composite on one polymerizable group 
and other cross-linker monomers with the other polymerizable group. The most 
common examples are Bis-GMA, UDMA, and TEGDMA. 
b) Functional monomers usually have a very specific function. They contain one 
polymerizable group and a reactive (functional) group that performs the specific 
function for which it was designed. Such function could be anything from 
improving the wettability of the adhesive by being hydrophilic, discharging 
fluoride, exerting an antibacterial effect, or even chemically bonding to the 
calcium of the tooth structure. Examples of such monomers include 10-MDP, 






2) Initiators act as signals for the dental monomers to start the polymerization reaction 
when the clinician starts the process. They include photoinitiators such as 
camphorquinone that interact with dental lights or chemical initiators such as 
benzoyl peroxide with different components included to initiate the reaction.16 
3) Inhibitors or stabilizers prevent unwanted polymerization reactions when the 
adhesive is stored in its bottle, increasing its shelf life.16 
4) Solvents increase the hydrophilicity and decrease the viscosity of the monomer 
temporarily until its evaporation after placement. Solvents in dental adhesive can 
include water, alcohol, or acetone.16 
5) Inorganic fillers, although not common in dental adhesives, can add strength to the 
adhesive and reduce stresses.16 
 
1.3.2 Brief history of Resin based dental adhesives 
The first known attempt at dental bonding was in 1949 when Swiss chemist Oskar 
Hagger introduced the first dental adhesive. Called Sevriton Cavity Seal, it contained the 
acidic functional monomer GPDM that could chemically bond to the tooth structure.17 In 
1955, another important step in the revolution of dental adhesive was described by 
Buonocore when he first published the process of phosphoric acid etching of enamel and 
proposed how it increases the bond strength of the bonded restoration by micromechanical 
retention.18 In 1956, in studying Sevirton Cavity Seal, Buonocore reported increased bond 






improve the potential of dental adhesives, and in the 1960s, he invented the NPG-GMA 
bonding agent. It demonstrated a weak bond strength of 1–3 MPa. Subsequently, he 
implemented Bis-GMA as a replacement for MMA for filling materials which reduced the 
shrinkage and exothermic reaction. Bis-GMA was increasingly incorporated into dental 
adhesives in the 1970s.17 McComb and Smith first described the smear layer in 1975.20 
This description further improved the dental bonding procedure, leading to the second 
generation of bonding agents developed to remove the smear layer.21 A major dental 
adhesive breakthrough occurred in 1979 when Fusayama reported the ability to bond to 
acid-etched dentin without any sensitivity or pulp side effects.22 The work of Nakabayashi 
in 1982 helped strengthen Fusayama’s concept of etching dentin before bond application, 
describing the interaction of adhesive with the etched dentin and how it penetrates and 
creates a hybrid layer and resin tags.23 All these advances led to the introduction of the 
third generation of adhesives, which used an acid conditioner instead of calcium chelator 
EDTA 17%. The fourth-generation followed, promoting for the first time the use of 
phosphoric acid etchant before adhesive application. Although dentin etching was 
suggested in the 1970s, it was not accepted until the 1990s.17,21 Still, even after its 
implementation in dental treatment, clinicians were confused by the many steps involved. 
The need for a simplified bonding agent drove the invention of fifth-generation bonding 
agents.17 
Multiple acidic functional monomers have been developed and implemented 






monomer is establishing a chemical bond with the tooth structure. The following is a 
summary of those monomers. 
a) GPDM, invented in 1949, used a phosphate group to bond to calcium and a 
methacrylate group to bond to other resins but had challenges related to water 
hydrolysis.19 
b) NPG-GMA was invented in 1962. It used an amino-carboxylate group to bond to 
calcium and the same methacrylate group mentioned before. Although it 
demonstrated weak bond strength, that strength was a slight improvement over 
GPDM.17 
c) Phenyl-P was developed in 1978. It used a phosphate group to bond to calcium and 
a methacrylate group, which improved the chemical bond over previous monomers. 
However, the affinity for hydroxyapatite was poor, and it did not bond to metals.16 
d) 4-META, invented in 1979, included a carboxylic group to bond to calcium and the 
same methacrylate group. It demonstrated a weaker bond to calcium but bonded to 
metal better than Phenyl-P.16 
e) 10-MDP was introduced by Kuraray in 1981 and patented by them. It has a 
methacrylate group for polymerization and a hydrophilic phosphoric-acid 
functional group that mildly etches the tooth and forms a chemical bond with 
hydroxyapatite. This monomer offered many advantages, as it not only etched the 
tooth structure, but its chemical bond to calcium was water-insoluble and 
considered the most stable dental bond. In addition, it can bond to metal and 






The potential of acidic functional monomers helped promote the introduction of the 
sixth, seventh and universal generations of bonding agents that are widely used today in 
dentistry. 
 
Figure 4: 10-MDP composition. 
 
1.3.3 Classification of resin based adhesive systems 
Adhesive systems can be classified by the following methods:  
1) by generation (first through eighth), 
2) the type of solvent (water, ethanol, or acetone), 
3) whether it removes or modifies the smear layer, or 
4) by the number of clinical steps. 
The last classification system will be used here because it is the most commonly 







1.3.3.1 Etch-and-rinse adhesive (total-etch) 
Before the dentin etching concept was introduced and its use became widespread, 
dental bonding was performed by etching enamel alone. The term total-etch was derived 
from phosphoric acid etching both enamel and dentin simultaneously. The acid is then 
rinsed, leading to the term etch-and-rinse.  
Total-etch was introduced as a three-step system that includes a separate etchant and a 
separate primer as the second step, and the last step involves the use of bonding agents. 
However, it confused clinicians due to its many steps, increasing the demand for a much 
simpler procedure. The two-step etch-and-rinse system was developed to simplify the 
bonding protocol. The etchant was still separate, and the primer and adhesive were 
combined in one step. 
 
a) The three-step total-etch system included etching the enamel and dentin with 37% 
phosphoric acid for 15 s (aprismatic enamel requires 30 s), followed by the use of a 
hydrophilic primer to facilitate the ease of penetration into the demineralized dentin 
and enamel. The hydrophobic bonding agent is then applied. This technique is 
considered the fourth-generation system. 
Step 1) Etching–usually, 37% phosphoric acid is used for etching enamel and 
dentin. The etching mechanism works by increasing the surface area by creating 
micropores and increasing the surface energy by making it more susceptible to 






enamel prisms to expose hydroxyapatite crystals and irregularity. The etching is 
from 5 μm to 50 μm deep to facilitate resin penetration and create resin-tags (Figure 
5).25  
 
Figure 5: SEM of enamel, before etching (left) and after etching (right) with 37% 
phosphoric acid for 15 s. 
 
Acid etching for 15 s would remove the smear layer on the dentin and the 
smear plugs and demineralize the dentin up to a depth of 5 μm. After the partial 
demineralization, the collagen fibrils would be exposed and ready to receive the 
primer or bonding agent. After etching, the dentin would look like a funnel due to 
the presence of a highly mineralized peritubular dentin that lines the dentinal tubule 







Figure 6: SEM of acid-etched dentin showing dentinal tubules containing remnants 
of peritubular dentin matrix. 
 
 
Figure 7: The collagen fibrils are continuous with the underlying mineralized 






Step 2) Primer–the function of a primer in a total-etch system is critical as it creates 
a hydrophobic bond in the hydrophilic environment of the dentin, accomplished by 
combining solvents with monomers that have some hydrophilic and some 
hydrophobic components.28 The solvent reduces the viscosity of the monomer and 
increases its hydrophilicity temporarily for ease of penetration into the collagen 
fibrils matrix and the formation of the hybrid layer.16,28 The solvent type in the 
primer determines the degree of dentin wetness needed. If the solvent is acetone, 
then the wet-dentin bonding is critical. If it is either water or ethanol, it is not 
critical, and dry-dentin bonding can be used. This observation could be attributed 
to the volatility of acetone and that it has the greatest ability of all three solvents to 
remove water.29,30 Once the primer has been applied, it should be rubbed on the 
dentin surface vigorously to increase the penetration depth and bond strength.31 It 
is essential to properly air-dry the surface, so no solvent remains to hinder the 
bond.32 
 
Step 3) Bonding agent–once the dentin surface has been primed, the hydrophobic 
monomer combinations of (generally) bis-GMA and TEGDMA, solvent-free, can 
be placed as a bonding agent. After application, it needs to be thinned with air to 
achieve a uniform thickness. A strong airflow is not needed, as there is no solvent 
and this may have an adverse effect on bond strength. The bonding layer is then 







b) The two-step total-etch system differs from the three-step in that the primer and 
adhesive are combined in one step called self-priming adhesive. This technique is 
considered the fifth-generation system.24 
 
The hybrid layer in the total-etch system–after removing the smear layer and smear 
plugs with acid etching, the hydrophilic primer penetrates the dentinal tubules and the 
exposed collagen fibrils in a partially demineralized dentin. This step is followed by 
hydrophobic adhesive layer placement and polymerization (Figure 8). The thickness of the 
hybrid layer in the total-etch system ranged from 4 to 8 μm.35,36 
The retention mechanism of the total-etch system is the micro-mechanical 
interlocking of the resin-tag in enamel micropores and the dentinal tubules and collagen 
fibrils in dentin.35 
 
 








1.3.3.2 Self-etch adhesive (etch-and-dry)  
With the improvement of acidic functional monomers and the need for simplified 
bonding procedures, we started to see the development of a new adhesive system. The self-
etch system came to fruition in the late 1990s. It replaced the need for a separate etching 
step by incorporating an acidic functional monomer in the primer to create a self-etching 
primer as the first step. It does not need to be washed, hence the name “etch-and-dry.” The 
second step was the application of the bonding agent. 
 
1) The two-step self-etch system replaces the phosphoric acid with the self-etching 
primer that partially demineralizes the tooth surface and primes it. A hydrophobic 
bonding agent is then applied. The number of steps and the elimination of a separate 
etching step made this technique much simpler and less technique-sensitive than the 
total-etch system. This technique is considered the sixth generation system.37,38,39 
Step 1) The self-etching primer has an acidic monomer, for example, acidic 
phosphate monomer (10-MDP) and carboxylic acid, that partially 
demineralizes the tooth surface and acts by modifying the smear layer instead 
of removing it as in the total-etch system. The dissolved salts from the tooth 
structure help neutralize the liquid acidity. It simultaneously chemically bonds 
to the calcium of the tooth hydroxyapatite,40 thus combining micro-mechanical 
and chemical retention. The self-etchant types can be classified according to 






a) Strong self-etchant (pH ≤ 1) is characterized by complete removal of the 
smear layer because of its strength. This removal can make the dentin 
bonding much weaker than other self-etch systems due to the loss of 
hydroxyapatite crystals. Etching depth reaches 3–4 μm into the dentin.24,41 
b) Mild self-etchant (pH ≥ 2) provides the best environment possible for the 
self-etch system. Due to the mild acidity, the smear layer is partially 
modified to have micropores that allow resin tags to penetrate and create 
micro-mechanical interlocking. However, the smear layer is not completely 
removed to benefit from its mineral content in order to chemically bond the 
functional monomer to the calcium of the hydroxyapatite. The mild acidity 
can be subsequently easily neutralized. Etching depth reaches 1 μm in the 
dentin. One disadvantage of this etchant type is that enamel needs to be 
etched separately with phosphoric acid due to the weakness of the self-etch. 
Furthermore, etching the dentin would adversely affect the bond strength 
due to probable over-etching and excessive loss of hydroxyapatite needed 
for the chemical bond.42,43,44 
Step 2) The bonding agent in a self-etch system is the same as that in the total-







Figure 9: Self-etch technique steps, also showing the hybrid layer. 
 
 
2) The one-step self-etch (all-in-one) system uses either two separate bottles that need 
to be mixed before application or the immediate application of one product that works 
simultaneously as an etchant, primer, and adhesive. Unfortunately, this method leads 
to lower durability and bond strength due to increased hydrophilicity, resulting in water 
sorption and bond degradation over time with decreased mechanical strength of the 
adhesive resin.45,46 This technique is considered the seventh-generation system. 
 
The hybrid layer in the self-etch system is essentially the infiltration of the self-etching 
primer after the smear layer is partially modified (or completely modified, depending on 
the acidity of the primer) to a depth of 3 to 4 μm (strong self-etch) or 1 μm (mild self-etch), 








Figure 10: The effect of different self-etch strengths on the depth of penetration of 
dentin and the smear layer. 
 
 
1.3.3.3 Multi-mode (universal) adhesive 
This adhesive is the newest on the market, so research is still limited on these 
materials, but they are based on the self-etch acidic functional monomer 10-MDP. They 
are called multi-mode because manufacturers claim that they can be used in self-etch, 
selective etch, or total-etch mode. The term universal is derived from their ability to bond 
to enamel, dentin, composite, cement, glass ionomer, glass-ceramic, zirconia, metal, and 







1.3.4 “Gold standard” adhesives 
When an adhesive has adequate and dependable long-term clinical and laboratory 
evidence of good bond strength performance compared to other adhesives, it can be 
considered as “gold standard”.  
OptiBond FL showed the strongest immediate (mean 49.7 MPa) and 1-year (mean 
44.8 MPa) microtensile bond strength in a meta-analysis of 298 papers.50 A 13-year clinical 
trial of class V restorations showed that OptiBond FL had a retention rate of 94%.51 A 
systematic review of clinical trials showed that OptiBond FL had a very low annual failure 
rate of 1.8%.52 
Clearfil SE Bond showed the second strongest immediate (mean 45.4 MPa) and 1-
year (mean 38.6 MPa) microtensile bond strength in the same aforementioned meta-
analysis.50 In a 13-year clinical trial, the retention rate of Clearfil SE Bond was 96%.53 
Also, a very low annual failure rate of 2.2% based on 12 clinical trials.52 Based on such 
evidence, both OptiBond FL and Clearfil SE Bond are considered in the literature to be the 
gold standard for the three-step etch and rinse and two-step self-etch, respectively.41  
 
1.4 Resin-based cements 
Luting agents in dentistry can be classified into water-based cements and resin-based 
(Figure 11). Water-based cements have a low chemical bond to tooth structure (for 
example, glass-ionomer with a mean bond strength of 2.51 ±1.5 MPa when dentin is 
conditioned),54 or no bonding at all (for example, zinc phosphate) that work mainly to 






cements may have chemical and micromechanical tooth structure retention.55,56 The resin-
based cements can be divided into two broad categories, resin-modified glass ionomer 
(RMGI) and resin cement. The latter can be classified into three types.  
1) Conventional cement (three steps)–this type requires using a separate adhesive 
system, either an etch-and-rinse or universal bonding with a separate acid etchant. 
It offers two polymerization initiation options, either light-cure or dual-cure. 
Variolink Esthetic (Ivoclar Vivadent Inc., Lichtenstein) is one example. 
2) Self-etching cement (two steps)–this cement requires a separate self-etching primer 
for the cement to bond to the tooth structure and usually is a dual-cure. Multilink 
Automix (Ivoclar Vivadent Inc., Lichtenstein) is one example. 
3) Self-adhesive cement (one step)–this cement does not need any separate etchant or 
adhesive as it can adhere to tooth structure on its own. It has two components that 
require mixing before application to start the chemical cure process. It is a dual-
cure material (light and chemical cured). RelyX Unicem (3M Inc., MN, USA) is an 
example.57,58 
Each type of resin-based cement has distinct advantages and disadvantages. Although 
self-adhesive cement provides simplicity and less sensitivity than other systems, these 
dual-cure materials have shown some limitations, as they provide lower bond strengths to 
enamel than the conventional and self-etching cements.59 
The self-adhesive system works by using a functional acidic monomer  (10-MDP is an 
example) similar to those used in self-etch systems to help partially demineralize the tooth 







1.5 Immediate dentin sealing 
This research project focuses specifically on dentin bonding. Therefore, it is necessary 
to talk about immediate dentin sealing (IDS). After tooth preparation for indirect 
restorations with dentin exposure, it is important to treat dentin appropriately to prevent 
patient discomfort, dentin contamination during the temporization phase, and later 
adhesive failure after cementation. IDS was introduced in the early 1990s in an attempt to 
improve the bondability of indirect restorations to dentin and prevent any other factors that 
adversely affect dentin bonding. It is defined as the immediate application of a dentin 
bonding agent preceding the temporization phase. Its benefits can be summarized in the 
following points: 
1) Freshly exposed dentin bonds better. Due to a temporization phase when fabricating 
an indirect restoration, it is possible to contaminate dentin with provisional cement 
in addition to bacterial leakage, significantly lowering bond strength. 
2) Polymerization of bonding agents before cementation increases bond strength for 
two reasons. First, the pressure of seating the restoration might collapse the not yet 
polymerized hybrid layer or cause the collapse of the demineralized dentin. Second, 
the dentinal fluid movement toward the cement with the seating pressure of the 
restoration would interfere with the bond strength by attenuating the cement and 
filling the pores created by the etchant. 
3) The technique allows time for the development of a stress-free dentin bond. The 
dentin bond requires time to develop completely due to co-polymerization. The 






utilizing immediate sealing and temporization, it allows more time to develop a 
stress-free bond and better resin-composite adaptation.62 
4) The technique inhibits bacterial seepage to dentin and patient sensitivity during the 
temporization phase.10 
 
1.6 Microleakage and restoration margin gap 
Microleakage can be defined as the intrusion of bacteria, fluids, and ions into gaps 
presented at the dentin-restoration interface through the margin of the indirect restoration. 
Microleakage could lead to discoloration of the margins of the restoration followed by the 
breakdown of the adhesive interface. This process may lead to secondary caries and, 
eventually, if left untreated, pulp necrosis. Microleakage may be due to inappropriate 
bonding protocol, shrinkage stress, or the oral environment. In the oral cavity, frequent 
temperature changes and occlusal forces could lead to micro-cracks in the cement and 
leakage. Most microleakage studies use natural extracted teeth. The teeth are restored, 
followed by the application of a dye tracer on the restoration margin. In order to evaluate 
the dye penetration, multiple techniques were suggested in the literature. These include 
micro computed tomography which gives a three dimensional view of the restored tooth 
and the amount of leakage without destroying the sample and the ability to virtually section 
and asses any desired area specifically.  This is similar to another technique which uses IR 
laser optical coherence tomography OCT which also produces a three dimensional image 
but has a limited depth of penetration in comparison to micro CT, however both techniques 






by sectioning and analysis under either stereomicroscope or scanning electron microscope 
(SEM), one drawback to such technique is the need to section the teeth before the analysis 
and thus destroying the specimens. 8,65,66 Silver nitrate has been recommended over other 
dye tracers as it is very stable and tends to be immobile, which helps prevent further 
penetration during specimen cutting. Furthermore, it is not reactive, so it is very safe to use 
and easy to detect with the color contrast.65 However, some researchers have reported false-
positive results with silver nitrate as it is an acidic solution, so a modification with 
ammonium hydroxide has been suggested to buffer the acidity. The resulting solution 
would be 50% (w/v) ammoniacal silver nitrate.67  
 
1.7 Tensile bond strength test 
The microtensile bond strength test was first introduced in 1994 due to the limitation 
of macro testing methods. The method involves cutting small beams of 1 mm² or less of 
tooth structure and the restoration bonded together.68 This technique’s advantages include 
1) Few teeth are needed due to the ability to extract multiple samples from one tooth. 
2) Researchers have more control over what part of dentin is used. 
3) Tends to be more accurate on testing the actual bonding interface than macro-tests. 
4) Irregular surfaces are not a hindrance to sample collection and analysis. 
5) Samples are easy to examine after testing under SEM due to the small interface. 
Limitations with the technique include 
1) The technical difficulty in making samples. 






3) Weak cements are not easy to measure. 
4) Samples could be damaged easily. 
5) Many specimens come from the same tooth, thus there is less variance of the 
dentin.69 
 
Multiple research papers have shown that microtensile testing shows more accuracy in 
differentiating the bond strength of different adhesives in comparison to conventional shear 
and tensile bond testing. This accuracy is likely why 60% of current studies on bond 
strength use the microtensile bond strength (μTBS) test.46 Shear test is technique sensitive 
and is heavily influenced by the amount of excess bond left beyond the boundary of the 
sample interface size, and by the geometry of the blade combined with the general 
agreement among published studies that shear is not truly focused on the adhesive 
interface.46,70 However, macrotensile which is referred to any tensile test of specimen larger 
than 3 mm2,  is not used as often, as it is not standardized and not as economical in terms 
of material and teeth as the microtensile test. However, it is more frequently used with post 
retention in canals.46  
It is beneficial to test the bond strength of dentin, enamel, or ceramics over a smaller 
surface area because the bigger the area, the higher the chance of finding a defect or flaw 
in the material that would critically affect the bond strength, that might explain the reported 







1.8 Statement of the problem  
Cements currently available on the market generally have good bond strengths, but 
dentin bonding has always been challenging. Immediate dentin sealing showed improved 
tooth sensitivity post cementation, but its effect is unclear on dentin bond strength, and 
microleakage of resin-based cements. 
 
1.9 Purpose 
The purpose of this study was to investigate the microleakage, margin gap, and 
microtensile bond strength (μTBS) of different resin-based cements. It also examined the 
effect of different dentin conditioning on the microleakage, margin gap, and microtensile 
bond strength (μTBS). 
 
1.10 Objectives 
The objectives of this in-vitro study were to:  
1) Evaluate the effect of different resin-based cements on the microleakage and 
margin gap of a glass-ceramic restoration (e.max CAD), 
2) Determine the effect of various dentin conditions on the microleakage and margin 
gap of a glass-ceramic restoration (e.max CAD),  
3) Measure the effect of different resin-based cements on the microtensile bond 
strength of a glass-ceramic restoration (e.max CAD), 
4) Evaluate the effect of different dentin conditions on the microtensile bond strength 






5) Assess the mode of failure of the microtensile specimens (μTBS). 
 
1.11 Null hypotheses 
1) Cementing a glass-ceramic (e.max CAD) crown with different resin-based cements 
will have no difference on the microleakage and margin gap. 
2) Bonding a glass-ceramic (e.max CAD) with different resin-based cements will have 
no difference on the microtensile bond strength (μTBS) and mode of failure. 
3) Cementing a glass-ceramic (e.max CAD) crown with dentin of different conditions 
[control, immediate dentin sealing (IDS), and delayed dentin sealing (DDS)] will 
have no difference on the microleakage and margin gap. 
4) Bonding a glass-ceramic (e.max CAD) with dentin of different conditions [control, 
immediate dentin sealing (IDS), and delayed dentin sealing (DDS)] will have no 








Chapter 2: Materials and Methods 
2.1 Materials 
The following polymerizing resin-based cements were used in this study. 
• Conventional adhesive cement (3 steps)–Variolink Esthetic LC (Ivoclar Vivadent 
Inc., Lichtenstein; Lot# Y20041) 
• Self-etching cement (2 steps)–Multilink Automix (Ivoclar Vivadent Inc., 
Lichtenstein; Lot# Y23471) 
• Self-adhesive cement (1 step)–Panavia SA (Kuraray Noritake Dental Inc., Japan; 
Lot# 470060) 
• Resin modified glass ionomer–FujiCEM2 (GC America Inc., Illinois, USA; Lot# 
1901282) 
Temp-Bond NE (Kerr Dental, California, USA; Lot# 7106776) was the temporary cement 
used in this study. OptiBond FL (Kerr Dental, California, USA; Lot# 7153596) (Table 1) 
(Figure 12) was used as the bonding agent for immediate dentin sealing. 
The following indirect restorations were used in this study. 
• IPS e.max CAD HT (Ivoclar Vivadent Inc., Liechtenstein) for testing 
• Luxatemp Automix Plus (DMG America, NJ, USA; Lot# 709066) as a provisional 
material 
The following chemical agents were used to produce leakage. 
• Silver nitrate (Sigma, Germany; CAS# 7761-88-8, Lot# MKCD9333) 
• Ammonium hydroxide (Sigma, Germany; Lot# SHBD7421V) 






Extracted human teeth.  
Teeth were collected from various oral surgery clinics. The inclusion criteria were posterior 
teeth free of caries and with intact enamel and dentin. Teeth were cleaned in a 10% sodium 
hypochlorite solution (James Austin Co. PA, USA) for 5 min. A periodontal scaler was 
used to remove blood and soft tissues, and the teeth were sterilized by storing in 10% 
formalin for two weeks before testing. 
 
 




















For microleakage and margin gap analysis, specimens were divided into 12 groups, 
each group contained 15 specimens. For microtensile and mode of failure testing, there 
were 15 groups and 10 specimens within each group. For a total of 330 specimens. Each 
of the aforementioned tests had one of three dentin conditions. 
• Control group: Freshly prepared dentin specimens that were cemented 
immediately. 
• Delayed dentin sealing (DDS) group: Freshly prepared dentin specimens were 
temporized and stored in distilled water for two weeks in an incubator at 37 °C to 
simulate clinical conditions. 
• Immediate dentin sealing (IDS) group: Freshly prepared dentin specimens 
received a layer of OptiBond FL, then were temporized and stored in distilled water 
for two weeks in an incubator at 37 °C to simulate clinical conditions (Figure 14). 
The following is a list of cements used in this study and the test conducted using the 
cements. 
• Variolink Esthetics LC: microleakage, margin gap, microtensile, and mode of 
failure. 
• Multilink Automix: microleakage, margin gap, microtensile, and mode of 
failure. 
• Panavia SA in self-adhesive mode (SAM): microleakage, margin gap, 






• Panavia SA with Clearfil Universal Bond Quick (CUBQ): microtensile and 
mode of failure. 














2.2.1 Microleakage and margin gap 
2.2.1.1 Sample preparation  
180 specimens were obtained from Forty-four extracted teeth that were selected 
based on our inclusion criteria. The teeth were sterilized by storing them in 10% formalin 
for two weeks.72 All teeth received a crown preparation using an electric handpiece 
(Midwest E, Dentsply Sirona, USA) under constant water cooling. All enamel was 
removed, and the prepared margin was placed on the dentin (Figure 15). 
 
 
Figure 15: Posterior tooth before and after crown preparation. 
 
The control group is immediately ready for optical impression after crown 
preparation without any further steps, while IDS group received OptiBond FL bonding 
agent applied according to the manufacturer’s instructions (Table 1), then temporized. DDS 
group were prepared and temporized without any additions. Both the IDS and DDS groups 
received a temporary crown made with Luxatemp Automix Plus and cemented with Temp-







Figure 16: DDS and IDS groups received a temporary crown. 
Both IDS and DDS groups were stored for two weeks in distilled water inside a 
PRECISION Economy Incubator (Thermo Fisher Scientific Co., MA, USA) (Figure 17), 
after which the temporary crowns were removed. Pumice (Preppies Whip Mix Co., KY, 
USA) was used along with a prophy cup to clean the temporary cement from the tooth. A 
fine diamond bur (Brasseler USA Inc., GA, USA) at a low speed of 20 k RPM in an electric 
handpiece (Midwest E, Dentsply Sirona, USA) was used to gently roughen the IDS layer 
for a couple of seconds until the shiny surface of the IDS become dull. All three groups 
were then ready for an optical impression using CEREC Omnicam software version 4.2 
(Dentsply Sirona, USA) (Figure 18); all e.max crowns were designed to be uniformly 1 
mm thick. The crown design allowed for ease of light penetration for the light-cure groups. 
Crowns were milled using an InLab MCXL (Dentsply Sirona, USA) (Figure 19). All the 
e.max restorations were crystallized using a Programat CS Furnace (Ivoclar Vivadent Inc., 
Lichtenstein) (Figure 20). Program No.1 was used, the crystallization cycle of which 






10 s, then increased to 840 °C at a rate of 30 °C/min, held for 7 min, then cooled at a rate 
of 20 °C/min. 
 








Figure 18: Optical scanning (left) and digital crown design (right). 
 








Figure 20: Programat CS Furnace. 
The crowns were cemented to the prepared teeth after crown fabrication. The 
internal surfaces of the crowns were prepared according to the following procedure. 
Etching was performed using 5% hydrofluoric acid (Vita Zahnfabrik Co., Germany) for 20 
s, and crowns were rinsed with water. Monobond Plus (Ivoclar Vivadent Inc., 
Liechtenstein; Lot# Y15886) was applied for 60 s and then air dried for all cement groups 
except FujiCEM2. 
Dentin preparation for each cement was performed according to the manufacturer’s 
instructions for each specific cement type (Table 1). All crowns during cementation were 






using a Bluephase 20i (Ivoclar Vivadent Inc., Liechtenstein) on high mode with an output 
of 1200 mW/cm2 each cement according to its manufacturer instruction (Table 1). 
After cementation, all teeth were stored in distilled water for 24 h. Roots were 
coated up to 1–2 mm from the restoration margin with two layers of nail polish to prevent 
the silver from penetrating the root, allowing for focus on the margins. Different polish 
colors were used to distinguish the groups (Fuji CEM2=Red, Multilink Automix=Blue, 
Variolink Esthetics LC=Yellow, Panavia SA (SAM)=Brown) (Figure 22). 
 








Figure 22: All roots were covered with nail polish up to 1–2 mm from the margin. 
 
Teeth were submerged in 50% (w/v) ammoniacal silver nitrate (Sigma, Germany) 
solution for 24 h (Figure 23). The silver penetration was revealed by soaking the specimens 
in a full-strength D-76 photo-developer (Kodak Photography Co., NY, USA) in glass 
beaker for 1 hour then continue soaking for 8 h under constant 150-W flood LED bright 
white light (Cree Inc., NC, USA). Teeth were rinsed and embedded in clear general purpose 
epoxy resin (EpoxiCure 2, Buehler, IL, USA) overnight for ease of sectioning (Figure 24). 
An Isomet 5000 (Buehler, IL, USA) (Figure 31) with diamond blade and speed of 2000 
RPM and feed rate of 4.8 mm/min under constant water cooling was used to section each 
tooth to produce an average of four sections per tooth for SEM analysis for leakage and 
















2.2.1.2 Microleakage determination  
Specimens were washed and air dried then let to dry overnight before SEM 
analysis. SEM was used to detect the silver particle depth of penetration. Hitachi SU6600 
FESEM (Hitachi Ltd., Tokyo, Japan) (Figure 26) with VP mode (variable pressure) that 
allowed operation at a higher pressure to capture and analyze images of specimens without 
the need for a conductive coating. An Aztec X-Max 50 SDD Energy Dispersive 
Spectrometer detector (Hitachi High Tech, Oxford Instruments) with accelerating voltage 
of 15 kV, working distance of 10 mm and vacuum pressure of 60 pascal was used to detect 
the silver element (Figure 27). Using Quartz PCI software (Quartz Imaging Co., Canada), 
a line was drawn tracing from the beginning to the end of the leakage area on the dentin 
and measured in microns (Figure 28). 
 







Figure 27: EDS analysis of dentin-cement interface of two different spots. A) 







Figure 28: Example of measured microleakage specimen, showing points A and B 







2.2.1.3 Margin gap determination  
Evaluation of the margin gap is performed using FESEM in VP mode and measured 
using Quartz PCI to determine the occupied cement space from the dentin margin to the 
ceramic crown margin (Figure 29). 
 
 








2.2.2 Microtensile and mode of failure 
2.2.2.1 Sample preparation 
Thirty extracted teeth were used in this part of the study. The teeth used followed 
the same inclusion criteria listed in Section 2.1. They were embedded in clear general 
purpose epoxy resin (EpoxiCure 2, Buehler, IL, USA) and were cut horizontally to expose 
the flat dentin surface (Figure 30). The dentin surface was wet sanded with 600 grit 
sandpaper for 60 s to create a smear layer that simulates diamond bur cuts. Specimens were 
divided by dentin condition group, control, DDS, or IDS. 
The IDS group received a layer of OptiBond FL. IDS and DDS groups were 
temporized by applying Temp-Bond NE on the flat dentin surface. The previously cut 
coronal part of the tooth was reapplied back on top as a temporary and then stored in 
distilled water in an incubator (Precision Economy Incubator, Thermo Fisher Scientific 
Co., MA, USA) (Figure 17) for two weeks. The temporary coronal tooth cut was removed, 
all groups were cleaned with pumice (Preppies Whip Mix Co., KY, USA), and sectioned 
using Isomet 5000 (Buehler, IL, USA) (Figure 31) with diamond blade and speed of 2000 
rpm and feed rate of 4.8 mm/min under constant water cooling was used to produce 1x1x6 
mm3 dentin beams (Figure 32) along with e.max beams of the same diameter (Figure 33).  
The e.max beams of all cement types were etched with 5% hydrofluoric acid (Vita 
Zahnfabrik Co., Germany) for 20 s and rinsed. Monobond Plus (Ivoclar Vivadent Inc., 
Liechtenstein; Lot# Y15886) was then applied for 60 s onto samples of all cement groups 
except FujiCEM2. The IDS layer was air particle abraded with 50 μm aluminum oxide 






the abrasive setting (which indicate the flow of particles) on 1/6 turn from full off (very 
light cutting or etching effect) at a 10 mm distance during application for 10 s to roughen 
the bonding layer for cementation. Dentin was prepared for each cement according to the 
manufacturer’s instructions (Table 1). Beams were cemented using a microtensile 
cementation jig under a constant weight of 140 g (Pober Industries, MA, USA) (Figure 34). 
All excess was removed before curing (Figure 35). Specimens were removed from the jig 
and stored in distilled water for 24 h at 37 °C before testing (Figure 36). 
 
 







Figure 31: IsoMet 5000 linear precision saw. 
 
 







Figure 33: Dentin (left) and e.max (right) beams ready for bonding. 
 
 







2.2.2.2 Microtensile testing 
Specimens were mounted in the microtensile tester (New Day Research) (Figure 
37) jig using cyanoacrylate adhesive Zapit (Dental Ventures of America Inc., CA, USA) 
(Figure 38). The tester was then started at a speed of 2 mm/min, and the load was registered 
in N. Failure strength (MPa) was calculated using the formula [failure load (N)]/[cross-
sectional area (mm2)]. 
 
 







Figure 38: Microtensile jig. A) Zapit used for microtensile specimen fixation. B) 







2.2.2.3 Mode of failure 
Both sides of the specimen (dentin side and e.max side) were evaluated to determine 
the overall mode of failure. The following were the failure categories. 
1) Adhesive failure on dentin occurred when more than 60% of cement was present 
on the e.max surface, and less than 40% of cement was present on dentin. 
2) Adhesive failure on e.max occurred when more than 60% of cement was present 
on the dentin surface, and less than 40% of cement was present on e.max. 
3) A mixed adhesive failure occurred when less than 50% of cement was present on 
both sides. 
4) Cohesive failure in dentin. 
5) Cohesive failure in e.max. 
6) Cohesive failure in cement occurred when more than 60% of cement was present 
on both sides. 
7) A mixed cohesive adhesive failure occurred when cohesive failure on any side 
accompanied missing cement. 













2.2.3 Statistical analyses 
Statistical analyses were performed using JMP Pro 15 statistical software (SAS 
Institute, NC, USA). Analysis of differences between the study groups was performed 
using a one-way analysis of variance (ANOVA). Once significant differences were 
detected, post hoc Tukey-Kramer multiple comparison tests were used to compare means. 












Figure 41: Representative SEM images of microleakage for Multilink Automix 










Figure 44: Representative SEM images of microleakage for Variolink Esthetic LC 










Figure 47: Representative SEM images of microleakage for Panavia SA (SAM) 










Figure 50: Representative SEM images of microleakage for GC FujiCEM 2 cement 








3.1.5 Interactive effect of cements and dentin condition on microleakage 
The microleakage mean (μm), standard deviation (SD) (Figure 52 andFigure 53), 
and coefficient of variable (CV), are displayed in (Table 11)  
 
Table 11: Descriptive statistics for all microleakage groups. 
  Dentin-Cement Leakage (μm) 
Cement Dentin Condition N Mean SD CV 
GC FujiCEM 2 Control 15 604.14 114.25 18.91 
 DDS 15 956.53 188.29 19.68 
 IDS 15 572.32 161.92 28.29 
Multilink Automix Control 15 137.41 33.60 24.45 
 DDS 15 210.31 43.96 20.90 
 IDS 15 147.79 40.12 27.15 
Panavia SA (SAM) Control 15 159.31 32.07 20.13 
 DDS 15 148.64 33.19 22.33 
 IDS 15 242.01 71.36 29.49 
Variolink Esthetic LC Control 15 145.53 39.42 27.09 
 DDS 15 343.11 75.24 21.93 








All means were compared using Tukey-Kramer HSD to identify significant groups. 
Levels with different letters are significantly different (Table 14). 
 
Table 14: Connecting letters report for all microleakage groups. 
Level      Least Sq Mean (μm) 
GC FujiCEM 2, DDS A     956.53 
GC FujiCEM 2, Control  B    604.14 
GC FujiCEM 2, IDS  B    572.32 
Variolink Esthetic LC, DDS   C   343.11 
Variolink Esthetic LC, IDS   C D  310.35 
Panavia SA (SAM), IDS   C D E 242.01 
Multilink Automix, DDS    D E 210.31 
Panavia SA (SAM), Control     E 159.31 
Panavia SA (SAM), DDS     E 148.64 
Multilink Automix, IDS     E 147.79 
Variolink Esthetic LC, Control     E 145.53 











































Figure 56: Representative SEM images of the margin gap for Multilink Automix 






No significant differences between the group means were detected by one-way 
ANOVA with p=0.210 (Table 16). 
 
Table 16: Analysis of variance for Multilink Automix cement margin gap with 
different dentin conditions. 
Source DF Sum of 
Squares 
Mean Square F Ratio P-value 
Dentin Condition 2 3407.593 1703.80 1.6227 0.2095 
Error 42 44099.946 1050.00   










Figure 58: Representative SEM images of margin gap for Variolink Esthetic LC 










Figure 61: Representative SEM images of margin gap for Panavia SA (SAM) 






One-way ANOVA did not detect any significant differences between the group 
means with p=0.120 (Table 19). 
 
Table 19: Analysis of variance for Panavia SA SAM cement margin gap with 
different dentin conditions. 
Source DF Sum of 
Squares 
Mean Square F Ratio P-value 
Dentin Condition 2 8221.807 4110.90 2.2327 0.1198 
Error 42 77330.250 1841.20   












Figure 63: Representative SEM images of margin gap for GC FujiCEM 2 cement 






One-way ANOVA did not detect any statistically significant differences between 
the group means with p=0.204 (Table 20). 
 
Table 20: Analysis of variance for GC FujiCEM 2 cement margin gap with different 
dentin conditions. 
Source DF Sum of Squares Mean Square F Ratio P-value 
Dentin Condition 2 3962.284 1981.14 1.6518 0.2039 
Error 42 50374.935 1199.40   









3.2.5 Interactive effect of cements and dentin condition on the margin gap 
The margin gap means (μm), standard deviation (SD) (Figure 64 and Figure 65), 
and coefficient of variable (CV) are provided in Table 21. 
 
Table 21: Margin gap descriptive statistics for all groups. 
  Margin Gap (μm) 
Cement Dentin Condition N Mean SD CV 
GC FujiCEM 2 Control 15 109.02 16.33 14.98 
 DDS 15 124.26 43.68 35.15 
 IDS 15 131.54 37.73 28.68 
Multilink Automix Control 15 111.08 20.54 18.49 
 DDS 15 117.10 27.30 23.31 
 IDS 15 131.80 44.53 33.79 
Panavia SA (SAM) Control 15 117.44 24.87 21.17 
 DDS 15 124.39 43.63 35.07 
 IDS 15 148.95 54.79 36.78 
Variolink Esthetic LC Control 15 131.84 35.53 26.95 
 DDS 15 102.69 38.97 37.95 









All means were compared using Tukey-Kramer HSD to identify the significant 
groups. Levels not connected by the same letter are significantly different (Table 24). 
 
Table 24: Connecting letters report for all margin gap groups. 
Level   Least Sq Mean (μm) 
Variolink Esthetic LC, IDS A  177.21 
Panavia SA (SAM), IDS A B 148.95 
Variolink Esthetic LC, Control A B 131.84 
Multilink Automix, IDS A B 131.80 
GC FujiCEM 2, IDS A B 131.54 
Panavia SA (SAM), DDS  B 124.39 
GC FujiCEM 2, DDS  B 124.26 
Panavia SA (SAM), Control  B 117.44 
Multilink Automix, DDS  B 117.10 
Multilink Automix, Control  B 111.08 
GC FujiCEM 2, Control  B 109.02 











































Figure 68: Representative hybrid layer thickness for Multilink Automix cement 
groups: A) control, B) DDS, and C) IDS. Ce = cement, D = dentin, E = e.max, IDS = 







Figure 69: Representative cement thickness for Multilink Automix cement groups: 
A) control, B) DDS, and C) IDS. Ce = cement, D = dentin, E = e.max, IDS = IDS 










Figure 72: Representative hybrid layer thickness for Variolink Esthetics LC cement 
groups: A) control, B) DDS, and C) IDS. Ce = cement, D = dentin, E = e.max, 







Figure 73: Representative cement thickness for Variolink Esthetics LC cement 
groups: A) control, B) DDS, and C) IDS. Ce = cement, D = dentin, E = e.max, IDS = 






One-way ANOVA did not detect any statistically significant differences between 
the group means with p=0.298 (Table 30). 
 
Table 30: Analysis of variance for Variolink Esthetic LC cement microtensile bond 
strength with different dentin conditions. 
Source DF Sum of 
Squares 
Mean Square F Ratio P-value 
Dentin Condition 2 27.27523 13.6376 1.2685 0.2975 
Error 27 290.26892 10.7507   










Figure 75: Representative hybrid layer thickness for Panavia SA (SAM) cement 
groups: A) control, B) DDS, and C) IDS. Ce = cement, D = dentin, E = e.max, 







Figure 76: Representative cement thickness for Panavia SA (SAM) cement groups: 
A) control, B) DDS, and C) IDS. Ce = cement, D = dentin, E = e.max, IDS = IDS 










Figure 79: Representative of hybrid layer thickness for Panavia SA with (CUBQ) 
cement groups: A) control, B) DDS, and C) IDS. Ce = cement, D = dentin, E = e.max, 







Figure 80: Representative cement thickness for Panavia SA with (CUBQ) cement 
groups: A) control, B) DDS, and C) IDS. Ce = cement, D = dentin, E = e.max, IDS = 






One-way ANOVA did not detect any statistically significant differences between 
the group means with p=0.156 (Table 33). 
 
Table 33: Analysis of variance for Panavia SA with (CUBQ) microtensile bond 
strength with different dentin conditions. 
Source DF Sum of Squares Mean Square F Ratio P-value 
Dentin Condition 2 32.53922 16.2696 1.9945 0.1556 
Error 27 220.24233 8.1571   










Figure 82: Representative of hybrid layer thickness for GC FujiCEM 2 cement 
groups: A) control, B) DDS, and C) IDS. Ce = cement, D = dentin, E = e.max, 







Figure 83: Representative cement thickness for GC FujiCEM 2 cement groups: A) 
control, B) DDS, and C) IDS. Ce = cement, D = dentin, E = e.max, IDS = IDS 









Table 36: Microtensile bond strength descriptive statistics for all groups. 
  Microtensile bond 
strength (MPa) 




N Mean SD CV Hybrid 
layer 
Cement 
GC FujiCEM 2 Control 10 3.56 0.97 27.35 0 14.67 
(2.08) 
 DDS 10 1.98 0.40 20.37 0 14.23 
(0.89) 
















Panavia SA (SAM) Control 10 6.69 1.55 23.12 0 24.46 
(1.28) 
 DDS 10 2.18 0.46 21.15 0 23.42 
(4.16) 






Control 10 18.99 3.17 16.69 
5.55 (0.4) 21.7 (2.8) 










Control 10 17.31 2.13 12.31 5.42 
(0.72) 21.35 (2.3) 
















Tukey-Kramer HSD compared all means to identify the significant groups. Levels 
not connected by the same letter are significantly different (Table 39). 
 
Table 39: Connecting letters report for all microtensile groups. 
Level     Least Sq Mean (MPa) 
Multilink Automix, IDS A    36.46 
Multilink Automix, Control A    34.06 
Multilink Automix, DDS  B   26.59 
Panavia SA (SAM), IDS  B   25.31 
Variolink Esthetic LC, IDS   C  19.50 
Variolink Esthetic LC, DDS   C  19.10 
Panavia SA with (CUBQ), Control   C  18.99 
Panavia SA with (CUBQ), DDS   C  17.63 
Variolink Esthetic LC, Control   C  17.31 
Panavia SA with (CUBQ), IDS   C  16.44 
Panavia SA (SAM), Control    D 6.69 
GC FujiCEM 2, Control    D 3.56 
GC FujiCEM 2, IDS    D 3.51 
Panavia SA (SAM), DDS    D 2.18 
GC FujiCEM 2, DDS    D 1.98 
 
 





























































































































Figure 89: Representative Multilink Automix cement showing adhesive failure on 








Figure 90: Representative Multilink Automix cement showing adhesive failure on 
dentin: A) dentin and B) e.max. 
 
 
Figure 91: Representative Multilink Automix cement showing cohesive failure in 



































































Figure 93: Representative Variolink Esthetics cement showing adhesive failure on 








Figure 94: Representative Variolink Esthetics cement showing adhesive failure on 





































































Figure 96: Representative Panavia SA (SAM) cement showing adhesive failure on 








Figure 97: Representative Panavia SA (SAM) cement showing cohesive failure in 





























































































Figure 99: Representative Panavia SA with (CUBQ) cement showing cohesive 








Figure 100: Representative Panavia SA with (CUBQ) cement showing adhesive 




































































Figure 102: Representative GC FujiCEM 2 cement showing cohesive failure in 








Figure 103: Representative GC FujiCEM 2 cement showing adhesive failure on 









Chapter 4: Discussion 
This in-vitro study was conducted to evaluate the microleakage, margin gap, and 
microtensile bond strength of four different resin-based cements that were cemented to 
different dentin conditions using e.max CAD material. The dentin conditions included 
freshly prepared dentin as a control. Two other groups were stored with temporary 
restoration and cement for two weeks in water at 37 °C: delayed dentin sealing (DDS) in 
which the dentin was prepared and stored, and immediate dentin sealing (IDS) in which 
the dentin was prepared and received a layer of bonding agent before two weeks of storage. 
The four resin-based cements used included Variolink Esthetics LC as a conventional resin 
cement, Multilink Automix as a self-etching resin cement, Panavia SA as a self-adhesive 
resin cement, and GC FujiCEM 2 as an RMGI cement. 
 
4.1 Effect of different resin-based cements and dentin conditions on microleakage 
Microleakage testing measures the seal of the cement and its ability to prevent 
bacterial leakage under the restoration. The first clinical sign of bond failure is usually 
leakage,8 demonstrating the importance of this test. 
In this study, when comparing the control groups of each cement, we can conclude 
that, except for GC FujiCEM 2, all resin-cements demonstrated no statistically significant 
performance differences. GC FujiCEM 2, however, did have greater leakage than the rest 
of the cements, even though RMGI operated by a similar mechanism as the self-adhesive 






That result can be explained by the effectiveness of the 10-MDP in creating a durable 
chemical bond.16 
Comparing the cements by DDS group, we can see that temporizing and delaying 
the cementation procedure significantly increases leakage. Contamination of the dentin 
during the temporization period could be the reason for such an observation.73 Panavia SA 
(SAM) cement, which did not have an increased leakage, was the single exception. The 
most probable explanation would be attributed to the presence of a 10-MDP acidic 
functional monomer that can create a durable chemical bond to the calcium of 
hydroxyapatite in addition to the usual micro-mechanical retention.16 Notably, the adhesive 
universal bonding agent (AU) used with Variolink Esthetics also contains 10-MDP but did 
not reduce leakage. There could be many reasons for this result, including the water content 
that will increase the hydrophilicity of all universal adhesives and possibly due to an 
adverse effect of dentin etching with 37% phosphoric acid leading excessive loss of 
hydroxyapatite that is needed for the chemical bond of 10-MDP.74,44 
When OptiBond FL was used to seal the dentin immediately before temporization, 
Multilink Automix and GC FujiCEM 2 IDS groups showed lower leakage in comparison 
to their DDS groups. However, Variolink Esthetic LC IDS group performed the same as 
the DDS group, indicating that IDS could not prevent the leakage as efficiently as the 
control group. That could be explained again by the hydrophilicity of the universal 
adhesive promoting hydrolytic degradation by diffusion of water.75 In addition, IDS 
showed increased leakage with Panavia SA (SAM) cement, that could be attributed to 






could be the reason for the reduced leakage of Panavia SA (SAM) in control and DDS 
groups.16 
 
4.2 Effect of different resin-based cements and dentin conditions on restoration 
margin gap 
Margin seating of the indirect restoration is affected by several factors such as the 
viscosity of the cement and the bonding agent of the dentin.76 The IDS layer might interfere 
with the restoration's seating and thus increase the margin gap. Therefore, it is necessary 
to determine any performance differences between the different dentin conditions in 
addition to the different cements. 
When comparing individual cements, IDS groups demonstrated greater margin 
gaps of which only Variolink Esthetic LC was statistically significant. This significant 
increase could be explained by the fact that Variolink Esthetic is the only cement with a 
separate bond layer that required light-curing before the cement application. In addition, 
IDS layer also requires separate curing, meaning that there will always be a chance of a 
greater gap than, for example, Multilink Automix that does not require a separate curing 
step for its primer. 
Overall, when all groups were compared for margin gaps, Variolink Esthetic LC 
IDS dentin condition group was not significant from the other cement’s IDS groups. 
However, it was significant compared to the rest of the DDS and control groups of the other 
cements. When not considering the dentin condition, the four different cements did not 






Despite all of the reported studies and methods for evaluating margin gaps, there is 
no fixed or consensus reference value for evaluating crown fit.77All groups showed similar 
margin gap for the most part except Variolink IDS, although the leakage numbers varied.  
Many studies found no correlation between margin gap and microleakage of 
different indirect restorations.78,79,80 This is consistent with our finding that the margin gap 
of e.max crowns within the range of this study did not influence the microleakage of the 
analyzed cements. 
 
4.3 Effect of different dentin conditions and resin-based cements on the microtensile 
bond strength 
The second part of this study evaluated the microtensile bond strength of the same 
four resin-based cements to e.max CAD and to different dentin conditions. The primary 
mechanism of any dental material adhesion is dependent on the wetting ability, 
micromechanical retention, and chemical bonding.81,38 
The wetting of a material is its ability to spread evenly across the surface. Several 
factors will influence a material’s wettability, such as surface roughness, surface 
cleanliness, and low viscosity. Having a clean and rough surface will promote higher 
surface energy that will improve the bond strength. For example, the surface energy and 
roughness of the etched dentin are higher than dentin with an intact smear layer which 
could pose a challenge for the self-adhesive cement. Furthermore, the ability of a liquid 






a higher viscosity and therefore a high contact angle that prevents the efficient spread of 
the material across the dentin surface.81  
Micromechanical retention is considered to be the primary mechanism of action in 
bonding to mineralized dentin. It is achieved by partially demineralizing the dentin and 
infiltrating the bonding agent to create a hybrid layer essential for bond strength.38 
Chemical bonding is also important, but it is not enough on its own. However, a chemically 
bonded dental adhesive will have the most intimate contact with the tooth structure and 
increase the bond durability.38 
When comparing the control groups for each cement, Multilink Automix showed 
the highest bond strength, significantly different from Variolink Esthetic LC and Panavia 
SA with Clearfil universal bond quick (CUBQ). However, the latter two cements were not 
significantly different from each other, and all three of them were significantly higher than 
GC FujiCEM 2 and Panavia SA (SAM). No hybrid layer was detected with Panavia SA 
(SAM) cement, a result consistent with many studies in which no hybrid layer with self-
adhesive cement has been reported.82,83,84 Not having a separate etchant or bonding agent 
will make it difficult for the viscus Panavia SA (SAM) cement to etch, wet, and penetrate 
the dentin’s smear layer simultaneously to create a hybrid layer, the most important factor 
when it comes to bond strength. RMGI has a separate dentin conditioner that helps clean 
the dentin and somewhat superficially demineralize the smear layer to a depth of 0.5 µm. 
However, the material demonstrated difficulty penetrating due to the high molecular 






Furthermore, RMGI’s low bond strength could be attributed to its high solubility and water 
sorption, possibly leading to the reduced cohesive strength of the material.86,87 
Variolink Esthetics with (AU) and Panavia SA with (CUBQ) showed a similar bond 
strength that was still lower than that of the Multilink Automix. This result is attributable 
to multiple factors. First, although Multilink Automix has a thinner hybrid layer of 2.29 
μm, it is more durable because it incorporates the etched mineral and part of the smear 
layer to produce a more abundant hydroxyapatite content for bonding, in addition to its 
micromechanical retention.88,89 Second, the low film thickness of the universal adhesives 
can be further compromised by having unpolymerized oxygen inhibited layer.74 In 
addition, the increased hydrophilic nature and high water content of universal adhesive 
facilitate its penetration of dentin. Such content will be the drawback of the system because 
when it is light-cured, the result is a bond layer that is highly susceptible to hydrolytic 
degradation that could reduce the bond strength of the adhesive.75 Finally, the high water 
solubility of Variolink Esthetics could be a contributing factor to lowering the bond 
strength.90 
When comparing the DDS groups, the tensile bond strength was reduced for all 
cements except for Panavia SA with (CUBQ) and Variolink Esthetics. Both cements use a 
universal adhesive with 10-MDP that properly wets the dentin and creates a durable 
chemical bond.16 This result is consistent with a previous study in which the microtensile 
bond strength of Variolink Esthetics with (AU) showed no significant difference when 






All cements IDS group maintained a high tensile bond strength comparable to or 
higher than the control groups, such as Panavia SA (SAM). The higher Panavia SA (SAM) 
IDS group showed that having a separate adhesive layer can benefit the self-adhesive 
cements by creating an appropriate hybrid layer. The higher bond strength of the Panavia 
SA (SAM) IDS group relative to the Panavia SA (CUBQ) IDS group demonstrated that the 
universal bond is the weak link as it is the only variable between the two groups. Having a 
separate hydrophobic bonding layer will result in higher bond strength than a single step 
bonding agent.50,75,92 
The hybrid layer thickness of all cements in this study had a mean between 2.29 
μm to 6.49 μm, except for Panavia SA (SAM) and GC FujiCEM 2, which showed no 
hybridization, leading to less micromechanical retention and hence lower bond strength.38 
While the self-etch cement showed a thinner hybrid layer, this does not indicate a lower 
bond strength as long as a hybrid layer of appropriate quality is formed.93 
All cements showed mean cement thickness from 14.23 μm to 29.11 μm, within the 
acceptable range according to the maximum acceptable film thickness of 50 μm 
recommended by the latest revision (2019) of the International Organization for 
Standardization (ISO 4049) for polymer-based restorative materials.94 However, IDS 
groups showed a greater thickness than the ISO standards, ranging from 52.39 μm to 74.88 







4.4 Relating the mode of failure to the dentin conditions 
Multilink Automix control and IDS groups showed more adhesive failure on the 
e.max side and cohesive failure in the cement, possibly indicating the high bond strength 
of the cement to dentin. Furthermore, most of DDS group specimens failed due to an 
adhesive failure on dentin. Those results indicate the significance of the dentin 
contamination effect acquired during the two-week temporization process.73 
The Variolink Esthetics control and IDS groups showed the same high prevalence 
of adhesive failure on e.max, while the DDS group showed increased (50%) adhesive 
failure on dentin. Although all groups showed similar tensile bond strength, more dentin 
adhesive failure was observed in the DDS group that could be attributed to dentin 
contamination.73 
Panavia SA with (CUBQ) control and IDS groups showed a similarly increased 
prevalence of cohesive failure in cement. DDS showed an increased adhesive failure on 
dentin, which could be attributed to dentin contamination. Panavia SA (SAM), however, 
showed increased adhesive failure on dentin not only in the DDS group but also in the 
control group, which is an indication of lower dentin bond strength of the self-adhesive 
cement. That result could be explained by Panavia SA (SAM)’s lack of a hybrid layer due 
to the absence of a separate etching or adhesive step and the high viscosity that prevents 
proper wetting and penetration of the dentin structure. 
While GC FujiCEM 2 DDS groups showed a high prevalence of adhesive failure, 
IDS and the control group showed majority of failure to be cohesive failure in cement even 






cohesive strength which could be attributed to the high cement solubility and water 
sorption, affecting the cement physical properties and causing the material to fail internally 
rather than by debonding.86,87 
 
4.5 Limitation and future studies 
This in-vitro study cannot be compared to an in-vivo evaluation that presents 
mechanical challenges via chewing motions, chemical challenges, and the oral 
environment's thermal challenges. All of these factors will affect the leakage and bond 
strength of the different cements. Additionally, more cements and adhesives could be 
added to increase the overall understanding of the mechanism of action of the different 
dental adhesive systems. 
 
4.6 Clinical implications 
Microleakage is believed to be the first sign of clinical failure of indirect 
restorations. A catastrophic failure likely follows this leakage because usually, even though 
the cement bond is compromised and invaded with bacteria, it did not fully fail until after 
the bacterial damage occurred. One of the most important factors of a successful indirect 
restoration is its ability to bond to the tooth structures. Thus, choosing a cement that will 
provide good sealability and bond strength to tooth structures is of utmost importance in 






Chapter 5: Conclusions 
Within the limitations of this study, the following conclusion can be drawn: 
• Microleakage of the control groups were not significantly different except for GC 
FujiCEM 2.  
• All cements showed an increase of leakage in DDS groups except for Panavia SA 
(SAM). 
• Microleakage in the IDS groups showed similar low leakage as the control except 
for Panavia SA (SAM) and Variolink Esthetics which were significantly higher. 
• The margin gap showed no significant differences between dentin conditions for 
each cement except for Variolink Esthetics, which showed a higher IDS group gap 
than for DDS and control groups. 
• The margin gap differences between cements were statistically not significant  
• The margin gap did not correlate with the amount of microleakage. 
• The microtensile bond strength of the control groups showed the highest bond for 
Multilink Automix, significant for Variolink Esthetics and Panavia SA (CUBQ). 
Panavia SA (SAM) and GC Fuji CEM 2 were not significantly different from each 
other but were significantly different from the rest of the cements. 
• The microtensile bond strength was significantly lower in all DDS groups for each 
cement except for Variolink Esthetics and Panavia SA (CUBQ). 
• The microtensile bond strength of the IDS groups was significantly higher than 






• The control groups showed the lowest leakage in all cements and also the highest 
microtensile bond strength except for the Panavia SA (SAM) IDS group.  
• IDS results showed bond strength as high as in the control groups for all cements. 
However, it could not prevent microleakage as efficiently as the control groups with 
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